The digestive gland was studied by light and electron microscopy in six species of cephalaspidean gastropods including herbivores and carnivores, representing the families Bullidae, Haminoeidae, Philinidae and Aglajidae. Digestive cells presented a similar morphology in all of them. These cells showed an apical border of microvilli and formed membrane pits collecting electron-dense material. At the cell apex, many small endocytic vesicles could be observed near structures resembling early endosomes. In some digestive cells, lysosomes seemed to be fusing with each other to form very large vacuoles. Arylsulphatase activity was detected in smaller electron-dense lysosomes and in the large vacuole-like lysosomes. Using the pyroantimonate method, calcium was detected in endocytic vesicles and in endosomes, but not in lysosomes. Basophilic cells could be identified by their spherical secretory vesicles with a glycoprotein content. Calcium concretions were observed within small vacuoles of basophilic cells in Bulla striata, Haminoea navicula and H. orbignyana, which have large shells. Concretions were not observed in the digestive gland of Philine quadripartita, Aglaja tricolorata and Philinopsis depicta, which have reduced internal shells. However, the results show that important reserves of soluble calcium can also be present in basophilic cell vacuoles of species with a reduced shell and without mineral concretions in the digestive gland. Mucus-secreting cells were found only in the digestive diverticula of the aglajids A. tricolorata and P. depicta. A correlation between morphological features of the digestive gland and trophic position was not evident in these cephalaspideans. The fundamental morphofunctional features of this organ seem to have been conserved during the evolution of most gastropod clades.
INTRODUCTION
The digestive gland is a major organ in the digestive system of gastropods and other molluscs and has multiple functions. It is formed by a vast number of blind-ending tubules that are connected to the stomach by a system of ducts. The tubules, named digestive diverticula, consist of a single-layer epithelium encircled by connective tissue that includes muscle and nerve cells. In general, this epithelium is formed by two cell types, called digestive cells and basophilic cells (Voltzow, 1994; Luchtel et al., 1997) . Nevertheless, in some gastropods other types of epithelial cells have been reported in addition to these two (Franchini & Ottaviani, 1993; Kress, Schmekel & Nott, 1994; Dimitriadis & Andrews, 2000) .
The basophilic cells, also known as secretory cells, calcium cells or crypt cells, are typically pyramidal-shaped protein-secreting cells. They contain large amounts of rough endoplasmic reticulum and accumulate secretory vesicles. These cells have been considered responsible for the secretion of digestive enzymes that undertake extracellular digestion of food material (Walker, 1970; Franchini & Ottaviani, 1993; Lobo-da-Cunha, 1999; Taïeb & Vicente, 1999) . The digestive cells are columnar or club shaped, being most abundant in the digestive gland. They contain a large number of lysosomes in which the digestion of food particles collected by endocytosis is completed (Franchini & Ottaviani, 1993; Lobo-da-Cunha, 2000; Taïeb, 2001) . Storage of reserves is another important function of the digestive gland in gastropods and other molluscs. Lipid droplets can be very abundant in the digestive gland, being mostly found in digestive cells, and glycogen reserves can also be present (Kulkarni, 1981; Gonçalves & Loboda-Cunha, 2013) . In addition, the digestive gland is involved in storage of minerals (Almendros & Porcel, 1992b; Gibbs et al., 1998) and, due to its role in detoxification, it is an organ of interest in ecotoxicology (Luchtel et al., 1997; Guerlet, Ledy & Giamberini, 2006) .
The digestive gland has been investigated in some gastropod species belonging to the clades Patellogastropoda (Bush, 1986) , Vetigastropoda (Martin et al., 2010) and Caenogastropoda (Rebecchi, Franchini & Bolognani Fantin, 1996; Dimitriadis & Andrews, 2000; Volland & Gros, 2012) . However, many more studies have been published about the digestive gland of heterobranch gastropods, mainly regarding land snails and slugs (Dimitriadis & Hondros, 1992; Luchtel et al., 1997; Dimitriadis & Konstantinidou, 2002) and sacoglossans that are able to retain in their digestive cells functional chloroplasts extracted from algae (Griebel, 1993; Martin, Walther & Tomaschko, 2013) . The digestive gland of nudibranchs has also received some attention, mainly in aeolids that feed on cnidarians and retain the nematocysts within cnidophage cells for their own defence (Greenwood & Mariscal, 1984; Martin, 2003) . Among the Euopisthobranchia, the ultrastructure of digestive-gland cells has been investigated only in Runcina (Kress et al., 1994) and Aplysia (Taïeb & Vicente, 1999; Lobo-da-Cunha, 1999 , 2000 Taïeb, 2001) . Although the digestive-gland cells of some cephalaspideans have previously been observed by light microscopy (Fretter, 1939; Rudman, 1971 Rudman, , 1972 , a detailed investigation of the digestive gland, including electron microscopy, is lacking in Cephalaspidea sensu stricto.
The clade Cephalaspidea is the largest within the Euopisthobranchia and consists of more than 600 marine species with or without an external shell, comprising both herbivores and carnivores (Malaquias, Bericibar & Reid, 2009a; Malaquias et al., 2009b; Oskars, Bouchet & Malaquias, 2015) . Thus, this clade is particularly suitable for comparative studies relating morphofunctional features of the digestive system and trophic position. To improve current knowledge on the digestive system of these gastropods, the digestive gland was investigated using light and electronmicroscopical techniques in herbivores of the families Bullidae (Bulla striata) and Haminoeidae (Haminoea navicula and H. orbignyana), and in species representing the families Philinidae (Philine quadripartita) and Aglajidae (Aglaja tricolorata and Philinopsis depicta), two families of carnivorous cephalaspideans.
Digestive-gland peroxisomes of cephalaspideans were the subject of a recent paper (Lobo-da-Cunha et al., 2017) . The present study is dedicated to the general characterization of digestivegland cells of cephalaspideans, with special focus on endocytosis, endolysosomal compartments and calcium storage. Endocytosis is a fundamental cellular process involving the formation of endocytic vesicles through invagination of the cell membrane to capture solutes and macromolecules at the cell surface. The collected substances transported by the endocytic vesicles to the early endosomes are subsequently found in late endosomes and end up in the lysosomes, where they are digested (Huotari & Helenius, 2011; Klumperman & Raposo, 2014) . It has also been found that endosomes and lysosomes are important calcium storage compartments, with an important role in intracellular calcium signalling (Morgan et al., 2011) . Due to the relevance of calcium ions in the regulation of so many cell activities, such as neurotransmission, motility, exocytosis, transcription and apoptosis (Clapham, 2007) , intracellular localization of calcium is crucial to understand important aspects of cellular physiology.
MATERIAL AND METHODS

Species and collection sites
Specimens of Bulla striata Bruguière, 1792, Haminoea orbignyana Férussac, 1822, Aglaja tricolorata Renier, 1807 and Philinopsis depicta (Renier, 1807) were collect on the southern coast of Portugal. Philine quadripartita Ascanius, 1772 and Haminoea navicula (da Costa, 1778) were collected in Ria de Aveiro, a coastal lagoon connected to the Atlantic Ocean on the central coastline of Portugal. At least four animals of each species were analysed.
Morphology
Small pieces of digestive glands were fixed for about 2 h at 4°C with 2.5% glutaraldehyde and 4% formaldehyde (obtained from hydrolysis of paraformaldehyde), diluted with 0.4 M cacodylate buffer (final concentration 0.28 M) at pH 7.4. After washing in buffer, samples were postfixed with 2% OsO 4 buffered with cacodylate, dehydrated in increasing concentrations of ethanol and embedded in Epon. Semithin sections (2 μm) for light-microscopical observations were stained with methylene blue and azure II. Ultrathin sections (about 80 nm) were stained with uranyl acetate and lead citrate, before being observed in a JEOL 100CXII transmission electron microscope operated at 60 kV.
Histochemistry
The tetrazonium coupling reaction for protein detection, PAS technique for polysaccharides and Sudan black staining for lipids (Ganter & Jolles, 1970) were applied to 2-μm semithin sections of Epon-embedded digestive-gland samples as previously reported (Lobo-da-Cunha & Batista-Pinto, 2005) . For the tetrazoniumcoupling reaction, semithin sections were treated for 10 min with a freshly prepared 0.2% solution of fast blue salt B in veronalacetate buffer (pH 9.2), then washed and treated for 15 min with a saturated solution of β-naphthol in veronal-acetate buffer (pH 9.2). For the PAS reaction, semithin sections were oxidized with 1% periodic acid for 10 min, washed and stained with Schiff reagent for 20 min. In control sections, the periodic acid step was omitted. For Sudan black staining, semithin sections were treated for 10 min with a 0.06% hydrogen peroxide solution to remove osmium tetroxide. After washing in water, sections were stained with a saturated solution of Sudan black in 70% ethanol for 10 min and thoroughly washed with 70% ethanol. All sections were washed with water, air dried and mounted with Coverquick 2000 mounting medium.
Ultrastructural localization of arylsulphatase activity
Small fragments of digestive glands were fixed for about 1 h at 4°C in 2.5% glutaraldehyde and 4% formaldehyde (obtained from hydrolysis of paraformaldehyde), diluted in 0.4 M cacodylate buffer at pH 7.4. After washing in cacodylate buffer, tissue fragments were incubated for 45 min at 35°C in medium containing BaCl 2 , and p-nitrocatechol sulphate in acetate buffer 0.2 M at pH 5.0 (Hopsu-Havu et al., 1967) . As a control, some tissue fragments were incubated in medium without p-nitrocatechol sulphate. Postfixation was carried out for 2 h at room temperature in 1% OsO 4 in cacodylate buffer with 1.5% potassium ferrocyanide. Samples were dehydrated in ethanol and embedded in Epon. Ultrathin sections were observed without further staining.
Detection of calcium with the pyroantimonate method
Digestive-gland fragments of B. striata, H. orbignyana and A. tricolorata were fixed with 2.5% glutaraldehyde and 4% formaldehyde (obtained from hydrolysis of paraformaldehyde), diluted in 0.2 M phosphate buffer at pH 7.4 containing 1% sucrose, for 12 h at 4°C. After washing in phosphate buffer for at least 2 h, tissue fragments were postfixed for 2 h at 4°C with an unbuffered solution containing 2% OsO 4 and 2% potassium pyroantimonate, dehydrated in ethanol and embedded in Epon (Wick & Hepler, 1982) . For transmission electron-microscopical observations, ultrathin sections were stained for 10 min with uranyl acetate alone. Additionally, electron-microprobe analysis was used to confirm the presence of calcium in pyroantimonate deposits. For this purpose, 4-μm semithin sections were mounted on squares of aluminium foil and carbon coated. A JEOL JXA 8500-F microprobe was used to obtain backscattered-electron images, and to detect the presence of calcium and its spatial distribution. X-ray intensity maps were obtained by WDS spectrometers equipped with a PETH crystal for Ca (Kα) line.
RESULTS
Light microscopy
Digestive cells showed similar appearance in all six species. These cells have a basal nucleus and contain lysosomes of diverse sizes, with either a clear or dense contents. In some cells, the lysosomes seemed to be fusing with each other to form a large vacuole including the content of several smaller lysosomes (Fig. 1A) . Especially in B. striata, cells containing very large vacuoles surrounded by very thin layers of cytoplasm were plentiful (Fig. 1B) . Although variable in abundance and size, lipid droplets were another important component of digestive cells (Fig. 1A) , as revealed by Sudan-black staining in semithin sections (Fig. 1B) .
Basophilic cells could be identified by the presence of spherical secretory vesicles, mostly accumulated in the cytoplasm above the basal nucleus ( Fig. 1C-G) . In B. striata a single secretory vesicle that could reach 6 μm in diameter was found in these cells (Fig. 1C) . In all the other species, the basophilic cells contain many secretory vesicles with a diameter that did not exceed 3 μm ( Fig. 1D -G). These vesicles contain proteins and polysaccharides, being strongly stained by the tetrazonium coupling reaction (Fig. 1C , D) and PAS reaction . Several small vacuoles, about 3-4 μm in diameter, were also observed in the cytoplasm of basophilic cells (Fig. 1C , D, G). In the basophilic cells of A. tricolorata, these vacuoles were more variable in diameter and the larger ones, reaching about 8 μm, contained structures with a ringshaped section (Fig. 1G ). These cells with the larger vacuoles probably correspond to older basophilic cells.
Transmission electron microscopy
Digestive cells showed similar ultrastructural aspects in all species. These cells possess an apical border of microvilli ( Fig. 2A ) and form many cell-membrane pits containing electron-dense material ( Fig. 2B ). At the cell apex, many small vesicles with electron-dense material could be observed near structures with an irregular outline, resembling early endosomes (Fig. 2B ). These early endosomelike structures contain limited amounts of electron-dense flocculent material ( Fig. 2A, B ) and form small membrane evaginations, suggesting the detachment of small recycling vesicles, with a clear content (Fig. 2B ). The electron-lucent early endosome-like structures contrast with the lysosomes filled with electron-dense material, which are abundant deeper in the cytoplasm ( Fig. 2A) . Structures with an intermediate electron-density between early endosomes and lysosomes could be late endosomes. In both herbivorous and carnivorous cephalaspideans, some digestive cells were mostly filled by very large vacuole-like lysosomes containing variable amounts of electron-dense material. Moreover, some images suggested that the lysosomes fuse with one another to create large vacuole-like lysosomes (Fig. 2C) . Arylsulphatase activity was detected in the dense lysosomes (Fig. 2D ) and electron-dense deposits resulting from activity of this enzyme in the presence of barium ions were also visible at the edge of the larger vacuole-like lysosomes (Fig. 2E) . The cytoplasm of digestive cells also contains mitochondria, some cisternae of rough endoplasmic reticulum, Golgi stacks with a small number of cisternae, peroxisomes with a crystalline core and lipid droplets. In the digestive cells of both carnivorous and herbivorous cephalaspideans, electron-dense pyroantimonate deposits are abundant in endocytic vesicles and endosomes, revealing the presence of calcium in these structures. On the other hand, pyroantimonate deposits are rare or even absent in the lysosomes of these cells (Fig. 3A-D) .
Basophilic cells are rich in rough endoplasmic reticulum and contain many mitochondria, in addition to some Golgi stacks and peroxisomes. Several vacuoles were observed in the cytoplasm of these cells, but their content varied among species. In the basophilic cells of B. striata, these vacuoles could contain an almost spherical concretion with several concentric layers of material with different electron densities. Other vacuoles contain a smaller globular aggregate of electron-dense material without a layered structure (Fig. 4A) , probably corresponding to an initial stage in the formation of new concretions. In H. navicula, these vacuoles contain almost spherical inclusions consisting of a highly electrondense core surrounded by a layer of scattered electron-dense fine particles, lined by a thin electron-dense outer layer. However, in some cases the highly electron-dense core was not visible in the ultrathin sections of these inclusions (Fig. 4B) . The pyroantimonate method for calcium detection strongly stained these inclusions found within basophilic cell vacuoles of B. striata and both Haminoea species, which all possess an external shell (Fig. 4C, D) . Additionally, fine calcium pyroantimonate deposits were found in significant amounts within structures with an irregular contour that resemble the early endosomes described in the digestive cells of these species and in intraluminal vesicles of multivesicular bodies (Fig. 4E, F) . Some fine pyroantimonate deposits were also seen in mitochondria (Fig. 4D, F) .
In P. quadripartita the vacuoles of basophilic cells contain heterogeneous material, resembling the content of lysosomes. In the aglajids P. depicta and A. tricolorata the vacuoles of basophilic cells could be large and numerous, containing inclusions with a thin electron-dense wall and an electron-lucent interior, looking like rings in ultrathin sections (Fig. 5A, B) . In digestive-gland samples treated with the pyroantimonate method, large amounts of electron-dense deposits were found in the vacuoles of A. tricolorata basophilic cells, outside and inside the inclusions but never in their wall (Fig. 5C ). Arylsulphatase activity was not detected in vacuoles of basophilic cells.
To confirm the presence of calcium in the electron-dense pyroantimonate deposits, an electron microprobe equipped with WDS spectrometers was used. In semithin sections of B. striata digestive gland, the inclusions stained by the pyroantimonate method in basophilic cells could be visualized in backscatteredelectron images (Fig. 5D ) and significant amounts of calcium were detected in these structures (Fig. 5E) . In A. tricolorata the vacuoles stained by pyroantimonate were also evident in backscattered electrons images of semithin sections, in which the unstained ring profiles were clearly visible (Fig. 5F ). Significant amounts of calcium were also detected in the areas with higher electron density, corresponding to the pyroantimonate deposits in the vacuoles of A. tricolorata digestive cells (Fig. 5G) .
In A. tricolorata and P. depicta, an additional cell type was found in the digestive diverticula. These rare cells show morphological traits of mucus-secreting cells, namely, a large number of Golgi stacks formed by many cisternae, some of them with dilated rims containing low electron-density secretory material (Fig. 6A-C) . Small vesicles are frequent near the Golgi stacks and much larger vesicles with electron-lucent content were also observed in these cells (Fig. 6A-D) . The Golgi stacks of basophilic and digestive cells contain far fewer cisternae.
DISCUSSION
Despite the similarities between the digestive gland of cephalaspideans and the digestive gland of other gastropods (Voltzow, 1994; Luchtel et al., 1997) and molluscs (Dimitriadis, Domouhtsidou & Cajaraville, 2004) , the current light-and electron-microscopical study revealed some noteworthy aspects that will be discussed for each cell type in turn.
Digestive cells
Concerning the digestive cells, no relevant differences between herbivorous and carnivorous cephalaspideans were noticed. In both, an intense endocytic activity was occurring at the cell apex, as in the digestive cells of other gastropods previously investigated (Walker, 1970; Franchini & Ottaviani, 1993; Dimitriadis & Andrews, 2000) . Several studies have shown that substances captured by endocytosis are transported to early endosomes by In one of the cells, several lysosomes seem to be fusing to form large vacuole (asterisk) incorporating contents of the fused lysosome (arrowheads). B. Lipid droplets stained by Sudan black (arrows) in digestive cells of Bulla striata. Some cells contain very large vacuoles (asterisks). C. Basophilic cell of B. striata with single large secretory vesicle strained by tetrazonium reaction (arrow) and small vacuoles (arrowheads). D. Secretory vesicles stained by tetrazonium reaction (arrows) in a basophilic cell of H. navicula also containing small vacuoles (arrowheads). E. Secretory vesicles in P. quadripartita basophilic cells stained by PAS reaction (arrows). F. PAS-stained secretory vesicles (arrows) in basophilic cell of Philinopsis depicta. G. Basophilic cell of Aglaja tricolorata with small vacuoles (va) in basal region and apical secretory vesicles stained by PAS reaction (arrows). In neighbouring cell, vacuoles are larger and contain inclusions with ring-shaped section (arrowheads). endocytic vesicles. Early endosomes were identified as tubulovacuolar compartments bounded by a single membrane, containing a few intraluminal vesicles and reduced amounts of electron-dense material (Tjelle et al., 1996; Huotari & Helenius, 2011; Klumperman & Raposo, 2014) . Small vacuoles with these morphological traits were observed in the apical region of digestive cells in herbivorous and carnivorous cephalaspideans. These seem to be early endosomes containing the electron-dense material collected in cell membrane pits and also present in nearby endocytic vesicles. Moreover, the observation of membrane evaginations with an electron-lucent content in these early endosomes suggests the formation of vesicles that could return to the cell membrane to recycle membrane receptors, as reported in other cells (Huotari & Helenius, 2011; Klumperman & Raposo, 2014) . , structures resembling endosomes (en) and electron-dense lysosomes (ly). B. Endocytosis in Bulla striata. Cell membrane pits at base of microvilli collect electron-dense material (arrows) that is also found in endocytic vesicles (ve). Endosome-like structures (en) form membrane evaginations (arrowheads) suggesting detachment of vesicles. C. Large vacuole-like lysosomes (ly) in Aglaja tricolorata digestive cells seem to result from fusion (arrowheads) between smaller lysosomes. D. Detection of arylsulphatase activity (asterisks) in two lysosomes of B. striata. E. Electron-dense arylsulphatase reaction product (arrows) at edge of large vacuole-like lysosome (ly) in digestive cell of B. striata.
The pyroantimonate method allows a precise ultrastructural location of very low amounts of calcium (Wick & Hepler, 1982; Lobo-da-Cunha et al., 2014) . In the digestive cells of cephalaspideans, this method indicates that calcium concentration is higher in endocytic vesicles and early endosomes than in lysosomes, in which pyroantimonate deposits were almost absent. As far as we know, these are the first published results about calcium detection in the endolysosomal compartments of molluscs and therefore can only be compared with results obtained in vertebrate cells using fluorescent probes and other methods to evaluate calcium concentrations in endolysosomal compartments. In vertebrate models, calcium-ion concentration is higher in the extracellular medium than inside cells. Thus, when the endocytic vesicles detach from the cell membrane their lumen is much richer in calcium ions than the surrounding cytosol. Calcium is delivered to early endosomes by endocytic vesicle fusion, but the uptake of calcium ions is In Bulla striata, electron-dense deposits indicating presence of calcium are visible in endosome-like structures (en) and vesicles (arrows), but lysosomes (ly) are practically free of pyroantimonate deposits. C. Calcium detection in structures resembling endosomes (en) in a digestive cell of Haminoea navicula. A few electron-dense pyroantimonate deposits can also be seen in mitochondria (mi). D. In A. tricolorata digestive cells, pyroantimonate deposits visible in vesicles (arrows) and endosome-like vacuoles (en) are almost absent in lysosomes (ly).
followed by the release of these ions from endosomes (Gerasimenko et al., 1998; Lelouvier & Puertollano, 2011) . Moreover, this change in calcium concentration has been considered crucial for endosome acidification and detachment of ligands from their endocytic receptors (Andersen & Moestrup, 2014) . In vertebrate cells it has also been demonstrated that lysosomes are important calcium-storage sites, in addition to their function in intracellular digestion, having a higher concentration of calcium ions than the endosomes (Gerasimenko et al., 1998; Andersen & Moestrup, 2014) . This implies that in vertebrate cells lysosomes take up calcium ions after their release from endosomes. On the contrary, the results obtained with cephalaspideans Backscattered-electron image of semithin section of Bulla striata digestive gland containing concretions with calcium pyroantimonate deposits that appear as bright spots. E. X-ray intensity map of the previous semithin section confirming presence of calcium in concretions. F. Backscattered-electron image of semithin section of A. tricolorata digestive gland showing vacuoles of basophilic cells with calcium pyroantimonate deposits that appear as bright areas. Inclusions with ring-shaped section (arrow) are visible within vacuoles. G. X-ray intensity map of the previous semithin section demonstrating presence of calcium in vacuoles.
indicated that lysosomes of digestive cells are not involved in calcium storage. In this context, calcium could be a marker of early endosomes in gastropod digestive cells.
In the digestive gland of pulmonate gastropods, dilated cells containing a very large vacuole surrounded by a thin layer of cytoplasm were traditionally named excretory cells (Walker, 1970) . Cells with a similar morphology were also seen in the digestive gland of cephalaspideans. Identical cells reported in other gastropods have been considered a final stage of digestive-cell maturation (Walker, 1970; Almendros & Porcel, 1992a; Lobo-da-Cunha, 2000) . In cephalaspideans, this hypothesis is supported by the observation of cells at intermediate stages, showing aspects that suggest a process of fusion between lysosomes to create very large vacuoles. In the freshwater snail Planorbarius corneus some digestive cells were almost completely occupied by a large vacuole containing heterogeneous electrondense material; in the end, these cells undergo a process of fragmentation, releasing the undigested substances in the lumen of the digestive tubules (Franchini & Ottaviani, 1993) . Lysosomal enzymes such as acid phosphatase and arylsulphatase were detected in smaller lysosomes of younger digestive cells and in the large vacuoles of the digestive cells in advanced maturation stages (Almendros & Porcel, 1992a; Lobo-da-Cunha, 2000) . The results of arylsulphatase cytochemistry obtained in cephalaspideans support the lysosomal nature of these large vacuoles.
Basophilic cells
In cephalaspideans, basophilic cells present the features of proteinsecreting cells, namely, large amounts of rough endoplasmic reticulum and electron-dense secretory vesicles containing proteins, as in other gastropods and other molluscs (Franchini & Ottaviani, 1993; Kress et al., 1994; Lobo-da-Cunha, 1999; Dimitriadis & Andrews, 2000; Dimitriadis et al., 2004) . In many gastropods these cells store mineralized granules with a typical concentric-layered structure located within vacuoles (Luchtel et al., 1997; Gibbs et al., 1998) . In terrestrial pulmonates, these cells are even known as calcium cells due to the large number of calcium concretions they contain (Walker, 1970; Almendros & Porcel, 1992b) . The supply of calcium for shell growth and repair, pH regulation and detoxification by sequestration of toxic metals are functions that have been attributed to these concretions containing calcium, magnesium, other metals and phosphate (Almendros & Porcel, 1992b; Luchtel et al., 1997; Gibbs et al., 1998) .
In all six species of cephalaspideans included in this study, the basophilic cells possess several vacuoles. In the herbivorous species, which in these cases have a large external shell (Bulla striata, Haminoea orbignyana and H. navicula), the vacuoles contain granules rich in calcium, frequently with a concentric-layered structure typical of mineralized concretions. In the carnivorous species with a reduced internal shell (Philine quadripartita, Aglaja tricolorata and Philinopsis depicta), mineralized concretions were not observed in the vacuoles of basophilic cells. Nevertheless, the results obtained with A. tricolorata show that calcium reserves are also accumulated in these vacuoles. In A. tricolorata, and less frequently in P. depicta, the vacuoles of basophilic cells contain structures with a ringshaped section similar to the ones found in the vacuolar cells of the crop of A. tricolorata, which also store calcium in the large vacuole (Lobo-da-Cunha et al., 2014) . Moreover, the presence of pyroantimonate electron-dense deposits all over the vacuoles, except in the thin ring structures, shows that in these cases calcium is stored in a soluble form.
Granules showing a concentric layered structure have also been reported in the digestive-gland cells of herbivorous sea and land slugs, despite their shell being reduced or entirely absent (Walker, 1970; Kress et al., 1994; Taïeb & Vicente, 1999) . In Aplysia depilans, granules with a concentric pattern were not seen in the vacuoles of basophilic cells, but arylsulphatase activity was detected in these vacuoles revealing a relationship with lysosomes (Lobo-da-Cunha, 1999) . In Cornu aspersum, acid phosphatase activity was revealed in association with calcium granules (Almendros & Porcel, 1992a) but, in cephalaspideans, arylsulphatase was not detected in vacuoles of basophilic cells, with or without mineral concretions.
Endocytosis was not so evident in basophilic cells as in the digestive ones. Nevertheless, the observation of structures resembling endosomes and multivesicular bodies, which are considered to be late endosomes or transitional stages between early and late endosomes (Huotari & Helenius, 2011) , suggests an endocytic activity in basophilic cells. Moreover, the detection of calcium in these structures supports their similarity to the endosomes of digestive cells. Coated pits in the apical cell membrane and the presence of multivesicular bodies in basophilic cells of bivalves also point to endocytic activity (Dimitriadis et al., 2004) .
The secretory activity of basophilic cells implies the fusion of secretory vesicles with the cell membrane. In this process of exocytosis, the membrane of secretory vesicles is added to the cell membrane, extending its surface area. To maintain a constant cell surface area, this surplus of membrane must be compensated by membrane retrieval. This can be achieved through the formation of endocytic vesicles. Such a process of membrane internalization could explain the formation of vacuoles in the cytoplasm of basophilic cells, due to fusions between vesicles and endosomes (Huotari & Helenius, 2011) . Furthermore, the fusion of these vacuoles with lysosomes or Golgi vesicles could explain the detection of lysosomal enzymes in basophilic cell vacuoles in some cases (Almendros & Porcel, 1992a; Lobo-da-Cunha, 1999) . According to this hypothesis, older basophilic cells, which have gone through several cycles of exocytosis and membrane internalization, are expected to contain more and larger vacuoles than younger basophilic cells. In a previous investigation of digestive-gland cells of A. depilans it was likewise suggested that the basophilic cells with a larger number of vacuoles were the older ones (Lobo-da-Cunha, 1999) . Calcium collected from the extracellular fluid during membrane internalization by endocytosis, and detected in endosomelike structures of basophilic cells, could be transported to the vacuoles contributing to the accumulation of calcium in these structures, as suggested for lysosomes in macrophages (Christensen, Myers & Swanson, 2002) . This hypothesis implies that basophilic cells have a calcium-transport pathway that differs from the one existing in digestive cells, because according to the current results in digestive cells the lysosomes do not accumulated the calcium collected by endocytic vesicles. A strong link between endocytosis and the formation of calcium phosphate concretions has also been reported in gill connective tissue cells of the freshwater bivalve Anodonta grandis (Silverman et al., 1989) .
Mucous cells
A few cells of the mucous type were found in the two aglajid species, but not in the digestive gland of the other cephalaspideans included in this study. The extensively developed Golgi apparatus and the electron-lucent vesicles of these cells are typical traits associated with mucous secretion, clearly distinguishing them from the other digestive-gland cells. Rare and small mucous cells have also been reported in the digestive gland of some other gastropods. In the freshwater snail P. corneus and in the marine caenogastropod Nucella lapillus, the mucous nature of these cells was confirmed by the detection of polysaccharides in the secretory vesicles, which showed low electron density (Franchini & Ottaviani, 1993; Dimitriadis & Andrews, 2000) . It was suggested that their function in the digestive gland is the lubrication and protection of the epithelial surface (Dimitriadis & Andrews, 2000) . The abundance of mucous cells in the oesophagus, stomach and intestine of B. striata (Lobo-da-Cunha et al., 2010a , b, 2011 ) and A. depilans (Lobo-daCunha & Batista-Pinto, 2003 , 2005 , 2007 , for example, suggests an effective role in lubrication of the digestive tract and agglutination of food particles. However, due to their low number, the mucous cells in the digestive gland of these aglajids do not seem capable of being very effective in these roles. On the other hand, it is known that mucins secreted by intestinal mucous cells are glycoproteins, which can have regulatory functions (Shan et al., 2013) . Thus, secretion of glycoproteins with defensive or regulatory activities is another possible function for the mucous cells in the digestive gland of aglajids and other gastropods.
Concluding remarks
The results of this study point out differences in the intracellular distribution of calcium between the digestive cells of gastropods and vertebrate cells. In the former, the pyroantimonate method indicates that calcium is more abundant in early endosomes than in lysosomes, while the lysosomes of vertebrate cells are richer in calcium (Gerasimenko et al., 1998; Andersen & Moestrup, 2014) . The presence of calcium concretions in basophilic cells of the herbivores B. striata, H. navicula and H. orbignyana, and their absence in the carnivores P. quadripartita, P. depicta and A. tricolorata, could be related to the relative elaboration of the shell, which is large in the first group and reduced and internal in the second group, rather than to trophic level. But even this correlation between calcium concretions and shell development is not clear, as both sea slugs and land slugs can have mineral concretions in the digestive gland, despite the absence or reduction of the shell (Walker, 1970; Kress et al., 1994; Taïeb & Vicente, 1999) . Notably, the current results show that important reserves of soluble calcium can be present in vacuoles of basophilic cells of species with a reduced shell that do not form mineral concretions in the digestive gland. No significant morphofunctional differences between herbivorous and carnivorous cephalaspideans were discovered in this histochemical and ultrastructural study of digestive-gland cells. Nevertheless, biochemical differences between herbivorous and carnivorous gastropods have been detected in the metabolism of polyalcohols (Lobo-da-Cunha et al., 2018) and other metabolic differences may also exist. It can also be concluded that, despite some differences among species, the fundamental morphofunctional features of the digestive gland seem to have been strongly conserved during the evolution of most gastropod clades. Significant modification has occurred only in special cases, such as the absence of the digestive gland reported in deep-sea bathysciadiid limpets (Hartmann, Hess & Haszprunar, 2011) .
